Human immunodeficiency virus type 1 (HIV-1) integrase is essential for viral replication. Integrase inserts the viral DNA into the host DNA. We studied the association of integrase to fluorescently labeled oligonucleotides using fluorescence correlation spectroscopy. The binding of integrase to the fluorescent oligonucleotides resulted in the appearance of bright spikes during fluorescence correlation spectroscopy measurements. These spikes arise from the formation of high molecular mass protein-DNA complexes. The fluorescence of the free DNA was separated from the spikes with a statistical method. From the decrease of the concentration of free oligonucleotides, a site association constant was determined. The DNA-protein complexes were formed rapidly in a salt-dependent manner with site association constants ranging between 5 and 40 M ؊1 under different conditions. We also analyzed the kinetics of the DNA-protein complex assembly and the effect of different buffer components. The formation of the fluorescent protein-DNA complex was inhibited by guanosine quartets, and the inhibition constant was determined at 1.8 ؎ 0.6 ؋ 10 8 M ؊1 . Displacement of bound DNA with G-quartets allowed the determination of the dissociation rate constant and proves the reversibility of the association process.
Integration of the viral DNA of the human immunodeficiency virus type 1 (HIV-1) 1 into the genome of a human cell is an essential step in the retroviral replication cycle. Genetic studies have shown that retrovirus integration requires two viral components, integrase and DNA sequences at the ends of the viral long terminal repeats (LTRs) (1) . In the cytoplasm, integrase forms a complex with the viral DNA. This is followed by two enzymatic reactions. In the 3Ј-processing reaction, integrase removes a dinucleotide from each 3Ј-end of the viral DNA, resulting in a terminating CA sequence. The processed DNA is transported into the nucleus and inserted in the host chromosome, producing a gapped intermediate. Gap repair is probably carried out by cellular DNA repair enzymes (2) .
Integrase is a 32-kDa protein that is composed of three distinct domains. The N terminus contains the "HHCC" zinc finger-like motif. Evidence suggests that the binding of zinc has a prominent role in the self-assembly of IN into an active multimeric complex (3, 4) . The N terminus has been suggested to be involved in protein-protein interactions and substrate specificity (5) . The central core and the C-terminal domain are DNA binding domains. The central core contains the catalytic triad, the D,D(35)E motif, which is responsible for the specific binding of the substrate and the enzymatic activity of integrase. The C-terminal domain has a nonspecific DNA binding activity. In solution, integrase has been shown to form monomers, dimers, and tetramers (6 -8) . However, the active complex present in the preintegration complex is a multimer as required for the enzymatic reactions of integrase (4, 10) .
Fluorescence correlation spectroscopy (FCS) is based on the statistical analysis of fluorescence fluctuations, which are caused by fluorescent molecules diffusing in and out of a well defined volume. With a confocal microscope and a laser source, the observed volume is reduced to only 1 fl. In FCS, the temporal behavior of fluorescence fluctuations is analyzed by means of an autocorrelation function to study the dynamic processes underlying the fluctuations (11) (12) (13) . With fluorescently labeled molecules it is possible to detect alterations of their diffusion time because of their interactions with other molecules. In some cases, when high molecular mass association products are formed, high intensity fluorescent spikes are produced. These spikes confound normal autocorrelation analysis. In this case intensity distributions were studied, and we have developed in our laboratory a statistical method for automatically discriminating between the fluorescence of the spikes and the fluorescence of free molecules (14) .
In the ongoing search for integrase inhibitors, the inhibition of the binding of integrase to viral DNA is considered a potential target (15) . To investigate the binding characteristics of HIV-1 integrase, we have developed an FCS-based method to determine its binding constants. The advantage of this method is the possibility of performing measurements on a tiny volume without UV cross-linking (16) , filtering (17) , or the fixing of any component to a solid carrier (18 The oligonucleotides INT1-TMR3, INT1-TMR5,  INT1, and INT2 are 20-mers that correspond to the U5 LTR ends of the  HIV-1 genome (19); (INT1, 5Ј-TGTGGAAAATCTCTAGCAGT-3Ј; INT2,  5Ј-ACTGCTAGAGATTTTCCACA-3Ј) . They were synthesized and purified by Eurogentec (Seraing, Belgium). We purified the oligonucleotides further by gel electrophoresis on a denaturing ureum gel (20) . INT1-TMR3 and INT1-TMR5 were fluorescently labeled with a tetramethylrhodamine derivative (Tamra, Molecular Probes, Leiden, The Netherlands) at the 3Ј-or 5Ј-end of the DNA, respectively. The oligonucleotides were stored in 20 mM Hepes, pH 7.5, at Ϫ20°C. For substrate preparation, the primers were annealed with equimolar amounts of complementary oligonucleotides in 20 mM Hepes, pH 7.5, containing 100 mM NaCl. The samples were incubated at 80°C for 1 min and cooled to 20°C over the course of ϳ90 min. In this way, double-stranded DNA (dsDNA) substrates were made and labeled with Tamra on the 3Ј-(INT1-TMR3/INT-2) or 5Ј-end (INT1-TMR5/INT-2). The final DNA concentration of the fluorescent dsDNA was determined using the ConfoCor I. All chemicals used were of analytical grade. The G-quartet T30177 was obtained from Dr. R. Rando (Aronex Pharmaceuticals, The Woodlands, TX) (19) .
EXPERIMENTAL PROCEDURES

Oligonucleotides-
Expression and Purification of Recombinant HIV-1 Integrase-We have used the His-tagged form of HIV-1 integrase (clone IIIB), prepared as described previously (19) , using the Escherichia coli B strain PC1 for protein production. The protein was purified on a nickel-nitrilotriacetic acid column (Ni-NTA Superflow, Qiagen, Hilden, Germany) using a wash buffer (10 mM Tris/HCl, pH 7.6, 1 mM ␤-mercaptoethanol, 1.0 M NaCl, 0.05 mM EDTA, 10% glycerol, 10 mM CHAPS, and 30 mM imidazole). The imidazole concentration was increased from 30 mM up to 200 mM to elute the protein. The elution fractions were analyzed by SDS-PAGE, and IN was detected by Coomassie staining. The eluted protein was diluted 3-fold with buffer A (10 mM Tris/HCl, pH 7.6, 1 mM ␤-mercaptoethanol, 0.05 mM EDTA, 10% glycerol, and 10 mM CHAPS) and loaded onto a HiTrap heparin-Sepharose column (Amersham Biosciences). The bound protein was eluted with a linear gradient of 300 mM to 1.0 M NaCl in buffer A. The activity of the enzyme was tested with a substrate labeled with [␥-
32 P]ATP as described earlier (19) . We also tested our fluorescently labeled DNA substrates in the same assay.
Labeling of Integrase with Tetramethylrhodamine-Integrase was labeled with a 5-carboxytetramethylrhodamine succinimidyl ester (Molecular Probes). First, the 5-carboxytetramethylrhodamine succinimidyl ester was dissolved in dimethyl sulfoxide (Me 2 SO) at a final concentration of 50 mM. Then integrase was diluted 2-fold in 100 mM borate buffer (pH 8.5) (21). The protein solution was stirred in an ice bath as a 10-fold molar excess of the dye was added. The solution was warmed up to room temperature, and the mixture was stirred for 2 h. After the chemical reaction, the protein was purified using an heparin column as described previously.
FCS Instrumentation-A commercial FCS setup (the ConfoCor I of Zeiss-EVOTEC) was used as described (22, 23) . In this configuration, an objective lens of type C-Apochromat 40x/1.2W was used; the pinhole diameter was 45 m in all experiments, and a typical size of the excitation volume was 1.4 fl. The 543-nm line of the helium-neon ion laser was applied in all experiments and attenuated with a 0.3 OD neutral density filter for all the DNA binding experiments. The laser beam was focused at about 180 m above the bottom of the Nunc cuvettes (Nalge Nunc International, Naperville, IL) in a typical volume of 10 l. The data electronics and software (Borland Delphi) were used as described earlier (14) .
Fluorescence Fluctuation Analysis and Statistical Analysis for the DNA Integrase Binding Experiments-In FCS measurements at low concentrations the fluorescence intensities follow a super Poisson distribution (24) , whereas at higher concentrations the fluorescence intensities show a Gaussian distribution. We used a statistical method to detect normality in the intensity data. Hence, we constructed normal quantile plots from the intensity data. This representation showed a linear behavior when the data were drawn from a population with Gaussian distribution. The intercept gives an estimate for the mean, and the slope is equal to the standard deviation. In the presence of bright spikes there is a deviation from normality in the quantile plot, and the inflection point separates the data of the fluorescent spikes from the free fluorescent oligonucleotide. In this way we can calculate the amount of remaining free oligonucleotide and, from the mass balance, the amount present in the complex. The inflection point can be detected automatically as described previously (14) . We measured with a time resolution of 5 ms during a period of 60 s (12,000 points). Algorithms that implement the above statistical procedures in the S-Plus software package (Mathsoft, Inc.) were applied to the data (14) .
The DNA Binding Assay-We tested the DNA binding properties of IN in the reaction buffer that is normally used to test the enzymatic activities. This buffer, which will be subsequently called the reaction buffer, contains the following final concentrations: 20 mM Tris-HCl, pH 7.6, 50 mM NaCl, 5 mM dithiothreitol, 1% glycerol, 1 mM CHAPS, 10% Me 2 SO, and 10% polyethylene glycol 8000 (PEG-8000). The effect of Mg 2ϩ was tested by adding MgCl 2 to a final concentration of 10 mM. The DNA substrate concentration was kept constant at 60 nM, whereas the IN concentration varied (0 -3.3 M). The samples were incubated during 10 min at 37°C, before measuring. The measurements were performed at room temperature (22°C) for 60 s, and all samples were measured 10 times. For the inhibition experiments, the double G-quartet containing 17-mer T30177 (5Ј-GTGGTGGGTGGGTGGGT) was used (25) .
Data Fitting Procedure-We determined the apparent association constant by using a simple binding equation derived from the definition of enzymatic binding as described below in Equation 1
where K a represents the overall apparent association constant of IN to DNA (see "Appendix" for the exact definition), [L] is the concentration of free dsDNA, and E o , [EL], and (E o Ϫ [EL]) are the concentrations of total enzyme, enzyme-DNA complex, and free enzyme, respectively, expressed as site concentrations. By calculating the concentration of unbound and bound DNA with the quantile plot, the right term of this equation can be solved. By plotting this against the free enzyme concentration, the slope will represent the association constant for the formation of the DNA-IN complex. The overall apparent association constant is an average of the site binding constants and contains a contribution of the aggregation process (see "Appendix").
RESULTS
FCS Analysis of DNA Substrates and HIV-1 Integrase Labeled with Tetramethylrhodamine-
The fluorescently labeled oligonucleotides INT1-TMR3 and INT1-TMR5 were annealed to INT2 to yield double-stranded DNA oligonucleotides that mimic the terminal sequence of the 5Ј-LTR of HIV-1 and are labeled at the 3Ј-or 5Ј-end, respectively. The diffusion of these DNA fragments was measured by FCS. The obtained autocorrelation curves were fitted into two components. The slow component was characterized by a diffusion coefficient of 4.41 (Ϯ 0.20) ϫ 10 Ϫ11 m 2 /s. A fast component with an apparent diffusion time of 3 s was observed with the 3Ј-labeled oligonucleotides. We analyzed this fast process by varying the pinhole diameter (data not shown). This resulted in a size-dependent variation of the slow component for the labeled DNA, but the fast component remained unchanged, indicating that a conformational process (and not diffusion) is causing the fast component. We therefore attribute the fast component to DNA bending or the local mobility of Tamra because of the presence of a flexible linker (26) .
Next, purified recombinant HIV-1 integrase was labeled with Tamra, and the diffusion of the protein was measured in the absence of DNA. The buffer contained 10 mM Tris-HCl, pH 7.6, 100 mM NaCl, 1% glycerol, 1 mM CHAPS, and 1 mM ␤-mercaptoethanol. The autocorrelation function could be fitted into two components corresponding to the labeled integrase and a fraction of free fluorophores. The diffusion coefficient of integrase was determined to be 4.4 (Ϯ 0.93) ϫ 10 Ϫ11 m 2 /s. This value corresponds to a protein the size of a tetramer, if the protein is assumed to be spherical. In the reaction buffer containing Me 2 SO and PEG-8000, the behavior of fluorescently labeled integrase and DNA qualitatively remained identical, but the diffusion times were increased because of a higher viscosity.
Fluorescence Fluctuation Analysis as a Tool to Measure the Binding of HIV-1 Integrase to Double-stranded DNA-The 3Ј-processing activity of recombinant HIV-1 integrase with the fluorescently labeled INT1-TMR3/INT2 dsDNA substrate was 35% of that obtained with the non-fluorescently labeled sub-strate as tested in a typical enzymatic assay (data not shown), indicating the productive binding of integrase to the labeled DNA substrate used in FCS studies. The 3Ј-processing reaction on the fluorescent substrate is not seen in the FCS measurements because of the slow turnover of integrase. The addition of this fluorescent substrate to HIV-1 integrase in the reaction buffer resulted in the appearance of large fluorescent spikes (Fig. 1) .
The spikes caused a malfunctioning of the autocorrelation hardware due to signal overflow. Therefore, we recorded the signal directly from the avalanche photodiode to a homemade data acquisition card (14) . The fluorescence fluctuations, as recorded over 60 s, are shown for varying concentrations of HIV-1 integrase and 60 nM fluorescent DNA in Fig. 1 . With increasing integrase concentrations the number of fluorescence spikes increased, whereas the amount of free DNA substrate, visible as the signal between the spikes, decreased. From these data we determined the concentration of free and bound DNA molecules. Using the quantile plot method based on the Gaussian distribution of the fluorescence intensity, the fluorescence signal, due to the spikes (bound molecules) and the free molecules, can be separated easily and objectively. The analysis was performed at DNA and enzyme concentrations comparable with those used in activity measurements (27, 28) .
The fluorescence intensities of 60 nM free INT1-TM3/INT2 and INT1-TMR5/INT2 in the reaction buffer, integrated over a time interval of 5 ms, were distributed in a Gaussian manner as proven by the linear relation between the theoretical and experimental quantiles (Fig. 2) .
When HIV-1 integrase was added in a broad concentration range, the distribution of the fluorescence intensities deviated from the Gaussian behavior, causing an inflection in the quantile plot (Fig. 2) and enabling the calculation of the concentrations of the bound and free DNA substrate. Using the binding equation, we next calculated the apparent association constant as a function of the salt concentration ( Fig. 3 and Table I ).
The association constant varied between 5 and 40 M Ϫ1 . The addition of 10 mM MgCl 2 to the reaction buffer, which was necessary for the enzymatic activity, reduced the impact of the salt concentration. This implies that magnesium increases the affinity of HIV-1 integrase to the DNA substrate as reported previously both for Mg 2ϩ and Mn 2ϩ , although the latter measurements were performed in different buffer conditions (16) .
By comparing the affinities for the DNA substrates labeled at the 3Ј-or the 5Ј-end, the influence of Tamra on DNA binding ).
Characterization of the Inhibition of Integrase-DNA complex Formation by a G-quartet Using Fluorescence Fluctuation
Analysis-The guanosine quartet T30177 is a highly potent inhibitor of HIV-1 integrase activity in vitro, inhibiting the 3Ј-processing activity with an IC 50 value of 80 Ϯ 13 nM. Although the compound was shown to interfere with HIV entry in cell culture, it can be used as a tool to study integrase-DNA interactions (19) . The inhibitory effect of the G-quartet T30177 was analyzed using the procedure established for the determination of the DNA binding constants of integrase (Fig. 3) . HIV-1 integrase was present at a concentration of 330 nM, and the fluorescent DNA substrate (INT1-TMR5/INT2) was present at 60 nM. We varied the concentration of T30177 (0 -4 M). The addition of an inhibitor to the integrase-DNA complex resulted in an increased concentration of free DNA. By measuring this increase with the fluorescence fluctuation analysis using the quantile plot, the amount of bound versus free DNA was determined. This ratio was plotted against the concentration of T30177 to obtain the inhibition plot (Fig. 4) .
The inhibition plot was analyzed using a model for competitive inhibition, because this model yielded a better fitting than other types of inhibition. We used the following two equations.
In Table I . Binding in the presence of 10 mM MgCl 2 is shown as well.
TABLE I
The association constants for the binding of HIV-1 integrase to DNA Shown are the calculated site association constants under different conditions. The association constant was calculated according to the ionic strength, the use of MgCl 2 , and the location of the fluorescent label on the substrate. The symbols in the table correspond to the symbols used in Fig. 3 (19) .
Determination of the Size of the Integrase-DNA Complex-To define the distribution of IN-DNA complexes in reaction buffer, a histogram was constructed (Fig. 5) TMR5) was followed as a function of time. The substrate concentration (30 nM), protein concentration (330 nM), and ionic strength (80 mM) were held constant for these measurements. The equation used corresponds to a single exponential with the simplification of the integrase concentration, which is kept constant. This adaptation is justified, because there is an excess of protein versus substrate present. The association of integrase to DNA was followed at 37°C and resulted in an apparent rate constant of 2.5 (Ϯ 0.5) ϫ 10 3 M Ϫ1 s Ϫ1 (assuming bimolecular kinetics). The dissociation of the DNA-protein complex was determined in displacement experiments by adding an excess of G-quartets (3.4 M). This dissociation was followed at 37°C, and the dissociation rate constant was 8.3 (Ϯ 0.7) ϫ 10 Ϫ4 s Ϫ1 (Fig. 7) . The ratio of the two constants gives 3 (Ϯ 0.8) ϫ 10 6 M Ϫ1 at 80 mM ionic strength and is 6ϫ smaller than the value determined by equilibrium analysis, i.e. 17.6 (Ϯ 1.1) ϫ 10 6 M Ϫ1 for the same nucleotide at the same ionic strength (see Table I ). In view of the fact that the association and dissociation processes involve at least two steps, ligand association and polymerization and ligand displacement and depolymerization, this discrepancy is not surprising. A further study would be necessary to dissect these steps. The main purpose of this kinetic study is the demonstration of the reversibility of the polymerization process.
DISCUSSION
Characterization of the Interaction of HIV-1 Integrase with
DNA Using Fluorescence Fluctuation Spectroscopy-We studied IN-DNA interactions in buffer conditions that are identical to those used in the standard oligonucleotide-based integrase assays (27, 28) . In this system, the detergent CHAPS is routinely added during purification. This allows the purification of IN at higher concentrations. The use of this detergent is justified, because crystal structures in the presence of this molecule were obtained (29) without apparent effect on the structure except for the fact that one molecule of CHAPS wedges itself between the hydrophobic surfaces of the molecule (30) . Preparations purified in the presence of CHAPS require PEG-8000 (10%) and Me 2 SO (10%) in the reaction buffer for Mg 2ϩ -dependent enzymatic activity of IN. Although it has been stated (31) that PEG-8000 and Me 2 SO are not required for enzymatic activity without CHAPS, most researchers in the field use the complete reaction buffer to study IN activity.
The use of PEG-8000 and Me 2 SO at relatively high concentrations reduced the diffusion coefficient of the oligonucleotides and the protein. Because IN formed large complexes in the presence of DNA, the diffusion coefficient of the complexes could not be determined. Therefore, intensity fluctuations were analyzed. Because this method is not based on the diffusion time, the change in viscosity does not affect the measurements.
This method allowed us to characterize the binding of integrase to DNA in a solution containing big fluorescent complexes. Earlier experiments based on UV cross-linking resulted in an association constant for the binding of HIV-1 integrase to single-stranded and double-stranded 21-mers corresponding to the U3 and U5 LTR ends that ranged between 1 and 10 M Ϫ1 , depending on the salt concentration (16) . These experiments were performed in a buffer containing Mn 2ϩ as a divalent cation. We studied integrase-DNA complex formation without chemical modifications of IN and calculated an association constant varying between 5 and 40 M Ϫ1 , depending on the ionic strength. Only at lower ionic strengths was a limited effect of the presence of the fluorophore on the binding properties of integrase noticed (Table I) . We observed a 2-fold increase in the binding affinity of HIV-1 integrase to DNA in the presence of Mg 2ϩ (Table I ). This clearly indicates that Mg 2ϩ is not only required for the enzymatic activity but also enhances the binding of HIV-1 integrase to the DNA substrate.
HIV-1 integrase is believed to occur in different oligomeric states. The conformation of active integrase has been the topic of many investigations. Until now, crystallographic studies have been hampered by the insolubility of integrase. The three domains (N terminus, central core, and C terminus) were originally resolved separately. Recently, the structures of protein fragments containing the central core plus the C terminus or the central core plus the N terminus have been reported (30) . All structures that have been resolved to date point to the existence of an integrase dimer, although a higher order complexity has to be invoked to reconcile the conformation with an enzymatic activity that is capable of concerted integration. The most recent structures point to the existence of a tetramer (dimer of dimers) (29) . Nevertheless, the structure of fulllength integrase in the presence of DNA remains to be resolved. When comparing enzyme preparations, the structure of integrase purified out of a cellular environment would be the reference.
To investigate the overall structure of integrase, we performed FCS measurements with a fluorescently labeled integrase. In the absence of DNA, the protein corresponded to a tetramer in agreement with previous results (29, 32) . In the presence of fluorescent DNA, unlabeled integrase forms complexes of higher molecular mass. The exact composition of these complexes remains unclear, because no defined complex size was resolved in the histogram (Fig. 5) . The integrase-DNA complexes in fact displayed an exponential distribution of their fluorescence intensities.
DNA-induced Oligomerization of HIV-1 Integrase-After a different preparation protocol was used, a study (33) based on time-resolved fluorescence anisotropy showed that catalytically active integrase can be present as a monomer, although different oligomeric subclasses were present in the protein pool. According to the same study, integrase oligomers (tetramers and higher forms) dissociate upon binding to the DNA substrate. These results are at odds with our data. This discrepancy is likely because of different reaction conditions and differences in the protein preparations. The results from Deprez et al. (33) were obtained in the absence of Me 2 SO and PEG with the enzyme purified without detergent. PEG and Me 2 SO are present in the commonly used reaction buffer because they are required for the enzymatic activity of integrase prepared with CHAPS. Similar buffer conditions have led to the crystallization of integrase. Crystallization experiments have also shown that CHAPS is incorporated in the protein (30) . Moreover, the addition of PEG as a crowding agent may be necessary to mimic the cellular environment, because the addition of crowding agents is known to benefit the folding and assembly of proteins (34) . Each component (Me 2 SO, PEG) has an influence on the association constant. From a functional point of view, DNA-induced oligomerization of the integrase may be required for the formation of the intasome and the preintegration complex after production of the viral DNA by reverse transcription. The discrepancies in the findings point to the importance of defining the biologically relevant buffer conditions and enzyme preparation for integrase research. The composition of integrase prepared from a cellular environment may provide the gold standard. In any case, here we report the behavior of HIV integrase under the conditions commonly used in enzymatic activity assays.
A New Analytical Method to Test Inhibitors of the Binding of HIV-1
Integrase to DNA-Our study is applicable to integrase inhibitor development. Binding of HIV-1 integrase to the double-stranded DNA substrate is the first step in the integration process and may be targeted by inhibitors. Although G-quartets such as T30177 are, in fact, inhibitors of HIV entry in cell culture, they act as potent inhibitors of integrase-DNA interaction in enzymatic assays (19) . T30177 was demonstrated as interfering with IN-DNA complex formation, and an inhibition constant of 1.8 (Ϯ 0.6) ϫ 10 8 M Ϫ1 was calculated that corresponds to the IC 50 value in the integration assay. It follows that other candidate integrase inhibitors can be evaluated in the same way. The advantage of the method is that it can be applied to small amounts of solution.
APPENDIX
The association of IN (E) and DNA (L) and the formation of the oligomers is a two-step process and can be described by two coupled equilibria, which we represent as follows: E ϩ L 7 EL with equilibrium constant K 1 and EL ϩ (EL) i 7 (EL) iϩ1 with equilibrium constant K 2 .
We assume here that the polymerization is of the isodesmic type, i.e. all steps are governed by the same propagation constant K 2 . The experimental fact that supports this mechanism is the exponential length distribution of the oligomers. Such an isodesmic polymerization equilibrium has been worked out by Oosawa and Kasai (9) and can be described by the following relation (using their nomenclature),
where C p is the mass concentration of the polymer (concentration expressed as monomers), A is a dimensionless constant expressing the difficulty of the nucleation (A Ͻ 1), and c 1 is the monomer concentration. In our case, EL is the polymerizing species, and therefore c 1 ϭ [EL] and C p ϭ ⌺i[(EL) i ] ϭ L bound .
Thus, we offer the following three equations.
